Abstract The microbial mechanisms of carbon removal in subsurface flow wetlands were studied, in one wetland with plants and one without plants. Particular emphasis was given to the influence of plants in the treatment process. Wetlands without plants showed higher carbon removal than those with plants, 63% and 51%, respectively (p<0.05). Molecular analysis of the bacterial diversity, growth rates and specific microbial activities showed that the two wetlands were different, especially towards the outlet of the two systems. Sulphate reducers and methanogens were found in both wetlands, and they are thought to be the main removers of soluble organic carbon in these two systems.
Introduction
Wetlands represent a form of natural treatment, which utilises the ability of a range of fauna and flora, with a very small input of energy, to remove and stabilise pollutants from water. These systems are low-cost and involve low technology, which makes them particularly appealing for the treatment of wastewater in small to medium-sized communities, and in developing countries (Brix, 1993) . Very little is known about how these systems work in terms of the processes that are involved in the removal of pollutants. This may limit their effective application, as a firm scientific basis for their design and operation currently does not exist. Although there has been considerable research into the treatability of a wide range of wastewaters by constructed wetlands, there is a dearth of knowledge concerning other aspects such as the influence of flow characteristics and the role of filtration/settling on the treatment process. Traditionally, plants were thought to have an active role in the removal of pollutants, although recently this has been questioned (Tanner, 2000) .
It is generally accepted that, for most wetlands and wastewaters, microbial degradation is one of the most important mechanisms for the removal of pollutants from the water (Hatano et al., 1993) . Microorganisms also have a vital role in the cycling and transformation of energy and nutrients. Hence, it is very important to have an understanding of the microorganisms that carry out the removal of organic matter, so that the performance of the wetlands can be optimised. Until recently, understanding of mixed microbial populations was derived from pure culture studies. New methods, such as radioactive uptake assays and molecular techniques, allow culture-independent determinations of microbial diversity, numbers, activities and growth rates. The combination of these techniques can give a much more accurate description of the structure and function of the microbial communities (Muyzer, 1999) .
The aim of the current study was to develop an improved fundamental understanding of the microbial mechanisms for the removal of biodegradable substances in horizontal subsurface flow (SSF) wetlands. In the current study, the bacterial diversity and kinetics of the microbial communities (methanogens and sulphate reducing bacteria, in particular) in two wetlands were compared. The influence of plants in the treatment of carbonaceous biodegradable wastes in SSF wetlands was also addressed.
Methods Characterization of the laboratory scale wetlands
Two laboratory scale SSF wetlands were commissioned. The tanks were made in transparent plastic (perspex) with the following dimensions: 1.70 m (length) × 0.50 m (width) × 0.50 m (height). They were filled with gravel (nominal mean diameter of 1.25 cm) up to a depth of 0.30 m. One of the tanks contained four shoots of Phragmites australis and the other one contained only gravel (Figure 1 ). Both experimental wetlands were run in parallel under identical conditions for 600 days.
The initial porosity of wetland A was 0.32 and of wetland B was 0.29. Both wetlands had similar average temperatures of approximately 17.5°C, with ranges of 8.4 to 26°C. The flow mode of both tanks was subsurface and the wastewater was set to occupy a height of 0.25 m (5 cm below the surface of the gravel). The feed administered to the wetlands was a solution of filtered beer diluted in tap water to give an average total organic carbon (TOC) of 103 mg/l (target TOC was 100 mg/l, similar to the carbon content of settled sewage), which resulted in an organic loading rate of 275 g TOC m -2 d -1 . The hydraulic loading rate was 54 l/d. The feed was continuously prepared by pumping the beer into the mixing tank, which was fed with tap water by a ball-cock system. The maximum change in level of beer in the mixing tank (2 cm) and the slight fluctuations of the beer pump were responsible for the high standard deviation in the composition of the feed. Table 1 shows the median wastewater characteristics.
Wetland efficiency
Regular analysis (every other day) was carried out on the influent and effluent quality, following standard procedures (Standard Methods for the Analysis of Water and Wastewater, 1998). The following parameters were analysed on the feed and the wetland effluent: pH, COD, total carbon (TC), inorganic carbon (IC), total organic carbon (TOC), phosphate and sulphate. Five day BOD was performed four times over the course of the study. Volatile fatty acids (VFA) and redox potentials (measured in situ using a portable redox meter) of J.D.C. Baptista et al.
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Wetland A Wetland B Sections 1, 2 and 3 correspond to the first, second and third fractions of each wetland. The top and bottom sections correspond to the top (from the surface of the water) and bottom 5 cm of the wetland. Figure 1 A schematic diagram of the laboratory-scale wetlands used in this study the water present in each of the three sections of the wetlands were carried out monthly and every three months, respectively. TC, IC and TOC were analysed using a Shimadzu total organic carbon analyser (Shimadzu Corporation, Kyoto, Japan), phosphate and sulphate were measured using a DIONEX DX-100 ion chromatograph (Dionex Corporation, Sunnyvale, CA, USA) and VFA were measured in an ATI Unicam 610 series gas chromatograph (Unicam Ltd., Cambridge, UK).
DNA extraction and PCR (polymerase chain reaction)
Samples for molecular analysis were taken about 200 days after start-up of the operation. Prior to analysis of the bacterial diversity, DNA was extracted from samples using a phenol chloroform extraction method, following physical disruption of the cells using a bead beater (Curtis and Craine, 1998) . DNA was extracted from the following samples: sections 1, 2 and 3, top and bottom of both wetlands A and B, and from the roots of the plants in sections 1, 2 and 3 of wetland A (Figure 1 ). The 16S rRNA gene, extracted from the samples, was PCR amplified using conditions described by Muyzer et al. (1993) . The primers used were the universal (eubacterial-specific) primers 2 (5′-ATTACCGCGGCTGCTGG-3′) and 3 (5′-GCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGGGGCC-TACGGGAGGCAGCAG-3′) (Muyzer et al., 1993) .
Denaturing gradient gel electrophoresis
The bacterial diversity in the wetlands was analysed using a population fingerprinting method, denaturing gradient gel electrophoresis (DGGE). DGGE was conducted as described by Muyzer et al. (1993) with the exception that a 10% (w/v) polyacrylamide gel was used with a range of denaturants at 30-60% (w/v). The D-Gene system (Biorad, Hemel Hempstead, UK) was used to perform the DGGE analysis. Gels were run for 4 h at 200V constant voltage and stained for 30 minutes in SYBR green I (Sigma, Poole, UK). Stained gels were viewed with an ultraviolet transilluminator (UVP, San Gabriel, California) and photographed with a Polaroid camera (CU-5, GRI, Great Dunmoor, Essex). The similarities between the bacterial populations in each sample were compared using cluster analysis and multivariate statistics (Average linkage, Pearson distance; MINITAB, Pennsylvania, USA).
Kinetic analysis
Microbial activities. Measurement of the microbial activities for sulphate reducing bacteria (SRB) was carried out using samples taken about 600 days after start of operation, using an in-situ technique that monitors the reduction of 35 SO 4 2- (Nedwell and Takii, 1988) . Sample preparation was carried out anaerobically in a Microflow Anaerobic System (MDH, Intermed, UK) and the samples were incubated in air-tight vessels to maintain anaerobic conditions. Duplicate samples of both gravel and surrounding water were taken from the top and bottom of sections 1, 2 and 3 of both wetlands. A known amount of 35 SO 4 2-(2 µci dissolved with distilled water to make up 100 µl) was injected into the samples, followed by incubation at 18°C. Incorporated radioactive 35 S 2-was measured using a Packard Tricarb 2100TR Liquid Scintillation Analyser (Berkshire, UK). The activities of methanogens were calculated by measuring methane evolution (Lovley et al., 1982) . Samples taken from the wetland were transferred to air-tight flasks in the anaerobic cabinet and incubated at 18°C under anaerobic conditions. Gas samples were taken daily for 3 days, to analyse the composition of the gas in the vessel using a Packard Becker Model 403 gas chromatograph (Delft, The Netherlands).
Microbial growth rate. Microbial growth rates were estimated using an assay based on microbial protein synthesis, involving the rate of uptake of radioactive leucine by the community under study (Bastviken and Tranvik, 2001) . Samples were taken from the middle of sections 1, 2 and 3 from both wetlands A and B after which they were transferred into the incubation vessels in the anaerobic cabinet. Leucine was added to the samples under anaerobic conditions and the rate of incorporation of radioactive leucine (1.11Ci, 18 µl) was measured at seven TOC concentrations (2.5, 5, 10, 25, 50, 100, 200 mg/l) and at three different temperatures (10°C, 20°C and 30°C), under anaerobic conditions. Radioactivity was measured using a Packard Tricarb 2100TR Liquid Scintillation Analyser (Berkshire, UK). A DAPI cell count was performed (Porter and Feig, 1980) to obtain the initial concentration of cells for each of the samples assayed. Leucine uptake rates (moles l -1 h -1 ) derived from the radioactivity of the samples were converted into cells l -1 h -1 using a conversion factor of 8.2 × 10 16 cells mol -1 (Hietanen et al., 1999 ). The growth rates were then calculated.
Carbon mass balance
A mass balance of the carbon was carried out, based on the measurements of TOC, COD and sulphate of the feed and effluent of each wetland. This mass balance involved the following measurements and assumptions: 1) 50% of the organic matter in the wetland was acetate and 50% was propionate (based on the VFA analysis); 2) One mole of sulphate was consumed for every mole of acetate degraded (Kadlec and Knight, 1996) ; 3) 1.75 moles of sulphate were consumed for every mole of propionate degraded (Kadlec and Knight, 1996) ; 4) the consumption of one mole of acetate required two molecules of molecular oxygen and 5) the consumption of one mole of propionate required 3.5 moles of molecular oxygen.
Results and discussion

Wetland efficiency
The wetlands were anaerobic throughout the study period, with redox values consistently below -200 mV (Table 2 ). Both wetlands achieved high carbonaceous COD (cCOD) and BOD removal efficiencies and moderate TOC removal efficiency (Table 2) . However, the removal of TC, TOC and COD by wetland A was significantly lower (p<0.05, MannWhitney confidence test) than for B. The removal of BOD was similar for both wetlands. In addition, it was noted that there was a high removal of sulphate, which strongly indicates the presence of sulphate reducing bacteria (SRB). Acetate and propionate were found to be the predominant VFA in all sections for both wetlands.
The calculation of the carbon mass balance showed that only 24% and 21% of the organic carbon and 11% and 12% of the carbonaceous COD degraded in wetlands A and B, respectively, were removed by SRB. Considering the extremely low redox potential of both wetlands and the limited sulphate availability, the degradation of the remaining organic carbon is likely to be achieved by methanogenic bacteria. In fact, in organic matter-rich sediments, oxygen is only available in the top millimetres near the surface and near plant roots and so most of the mineralization of organic matter is carried out anaerobically (Liesack et al., 2000) .
Denaturing gradient gel electrophoresis
There was a clear similarity between the communities at the top and bottom within each wetland (about 90% similar; Figure 2 ). Comparisons within each wetland showed that wetland A had similar communities in sections 2 and 3 (about 85% similar), whereas in wetland B sections 1 and 2 were most similar to each other (about 75% similar). When comparing the wetlands, there was an obvious similarity in the communities in section 1 of both wetlands (about 85% similar). In general, the communities near the roots were least similar to the communities in wetland B. Furthermore, the communities near the root systems became more divergent from the surrounding environment along wetland A.
Kinetic analysis
Sulphate reduction and methanogenic activities. The sulphate reduction rates obtained for wetlands A and B (Table 3) agreed well with those previously reported in the literature. For instance, the sulphate reduction rates reported in another wetland study, between 5.4 and 23 µmol SO 4 2-l -1 h -1 (Edenborn and Brickett, 2001) , were in a similar order of magnitude as those reported here. Sulphate reduction rates measured recently in analogous environments, i.e. marine sediments and freshwater samples, were also similar in order, ranging between 0.021 and 255 µmol SO 4 2-l -1 h -1 (Li et al., 1999; Brandt et al., 2001 ). This provides strong evidence that SRB communities are present and active in certain wetlands.
Limited studies of methanogenic activity detected very high activity only in section 2 of wetland B, corresponding to 92% of the total organic carbon removal activity in that section. This indicates the importance of methanogenesis in subsurface flow wetlands, but the limited number of tests was insufficient to place a statistical confidence on the result. Growth rates of the microbial communities. The growth rates obtained for the communities in both wetlands A and B were of the same order of magnitude (Figure 3 ) as values previously found by others for psychrophilic and mesophilic organisms in the environment and in pure culture. For example, growth rates measured in marine sediments ranged between 0.003 and 0.004 h -1 at in situ temperatures (Hietanen et al., 1999) . The growth rates in a study of mesophilic methanogens and SRB ranged between 0.006 and 0.115 h -1 (O'Flaherty et al., 1998) .
Overall observations
At the inlet, where the wastewater is most concentrated, both wetlands had similar microbial communities as shown by DGGE. These communities are likely to have been largely composed of fermentative bacteria, which contain hydrolytic enzymes that break down the dextrin (main constituent of beer) to smaller molecules, i.e. VFA. The sulphate reduction rate was low in this part of the reactor, where the total COD to sulphate ratio was relatively high at 5:1. The bacterial populations from section 2 towards the outlet of both wetlands became more divergent, as shown by the DGGE, activity and growth rate data. This could be due to the presence of the plants having an effect on the microbial populations. Sulphate reducing bacteria were detected in wetlands A and B, accounting for about one quarter of the carbon removal in the two wetlands. Considering that both wetlands were extremely anaerobic (as shown by the redox potential measurements), it is expected that a large fraction of the remaining carbon was removed by methanogenic bacteria, for which the main terminal product from the dissimilation of organic matter is methane. Recent preliminary results using fluorescence in situ hybridisation indicate that both wetlands contained abundant populations of methanogens (data not shown).
Methane is one of the most important greenhouse gases contributing towards global warming. Seventy to ninety percent of the methane released into the atmosphere is biogenic, and wetlands and other aquatic freshwater sources are responsible for approxi- Figure 3 Average specific growth rates of the mixed populations for all sections of wetlands A and B mately 25% of the methane released into the atmosphere (Heilman and Carlton, 2001) . In wetlands, methane release is facilitated by the presence of plants, through their open channels. However, this effect may be counteracted by the oxidation of a large fraction of the methane produced by methanotrophic bacteria, which are known to inhabit places where oxygen is available, such as the rhizosphere (Heilman and Carlton, 2001 ). The balance between these two factors will determine the fraction of methane released into the atmosphere.
Conclusions
The conclusions from this study are relatively simple. From inlet to outlet, the microbial communities in wetlands with plants were found to be increasingly different from those in wetlands without plants. The analysis carried out suggested that both wetlands harboured an important community of SRB. Methane production was only detected in the unplanted wetland, but methanogenic bacteria were abundant in both wetlands. Both systems yielded moderate removal of organic carbon. If the organic loading rate was kept constant, the removal could be enhanced in two ways: by reducing the COD to sulphate ratio or by increasing the temperature. By the first option it may be possible to increase the activity and abundance of the SRB, which are faster growers than methanogens. The second option is based on the fact that, in most cases, the growth rates of both methanogens and SRB increase with increasing temperature with the mesophilic range well established as the preferred temperature for engineered anaerobic systems. It is therefore likely that these systems would perform more efficiently if used in geographical areas with warm climates.
While the unplanted wetland offered some advantage in terms of carbon removal, planted wetlands may confer some advantage in terms of methane control. However, the effect of plants on methane emissions is still in doubt and further studies are required on methane flows in wetlands and on the presence of methanotrophic communities. Results from this work highlight the important role of SRB and methanogens for carbon removal in wetlands, therefore, to understand wetlands more deeply, it would be necessary to investigate their relationships further.
